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ABSTRACT

Since radio propagation measurements using either
natural or spacecraft radio signals are essentially our
only means for probing (he solar wind in the vicinity of
the Sun, they represent a key [001 for studying the
interplanetary consequences of solar structure and
dynamic phenomena. While such measurements have
hccn actively pursued over the past forty years,
significant new information on the near-Surr
consequences has recently been obtained from radio
scintillation observations of coherent spacecraft signals.
I’his  paper reviews results covering density fluctuations,
fractional density fluctuations, coronal streamers,
hcliosphcric current sheets, coronal mass ejections and
interplanetary shocks. An unprecedented opportunity to
carry out joint ICE S-band (13 cm wavelength) Doppler
scintillation measurements with the S0110 white-light
coronagraph (1. ASCO) is also described.

Keywords: Radio scint i l la t ion,  compressive
fluctuations, coronal streamers, coronal mass ejections,
hclicrsphcric  crrrrcnt  sheet.

1. INTRODUCTION

Observations of the solar wind close to its source and
before evolution are crucial for understanding the
interplanetary consequences of solar structure and
dynamic phenomena. Because no direct spacecraft
measurements have been made inside 0,3 AU, mos(  of
our information on solar wind properties and their
variations in this dynamically interesting region have
come from remote sensing radio propagation
measurements.

When a radio wave propagates through the solar wind,
scattering by the ubiquitous electron density fluctuations
gives rise [o a host of radio scattering phenomena that
can bc observed with natural radio sources or spacecraft
radio signals. These observations, which include
angular broadening, intensity scintillation (termed IPS
for inlerplarrctary scintillation), Doppler (or equivalently
phase) scintillation, spectral broadening, frequency
dccorrelation, have been used over the past four decades
to probe the solar wind inside 0.3 AU (Ref. 1-4) and arc
referred to collec[ivcly  in this paper as radio scintillation
measurements.

Recent advances, mainly with IIopplcr  scintillation
mcasurcmcnts,  have made it abundantly clear that
substantial variation in density fluctuations takes place
in [hc vicinity of [hc Sun (Ref. 5,6). These results

underscore the value of measurements that sense density
fluctuations for investigating the interplanetary
consequences of solar structure and events, particularly
when conducted in conjunction with solar observations
such as those of white-light and soft X-rays. The
purpose of this paper is to review and place into
perspective the latest results on near-Sun solar wind
structure, both quasi-static and dynamic. A unique
opportunity for carrying out future joint lCIi
scintillation and SOHO white-light n~casurements  is
also described.

11. BACKGROUND

Radio scintillation investigations c)f the solar wind near
the Sun, which yield information on electron density
fluctuations and solar wind speed, have been carried out
first with natural radio sources and later also with
spacecraft radio signals. The earliest experiments
observed angular broadening of natural radio sources, and
determined the radial dependence of density fluctuations
8ne (and consequently electron density ne under the
assumption that it is proportional to &re)  (Ref. 7- 10).
Interestingly enough, these took place even before the
existence of the solar wind was confirmed by Mariner 2
plasma measurements in 1962, More recent angular
broadening measurements (Ref. 11) have revealed high
anisotropies of the density irregularities inside a few
solar radii, while longer baseline measurements have
yielded information on larger spatial scales (Ref. 12).
Additional properties of the density fluctuations obtained
include their dependence on latitude and solar cycle (Ref.
13,1 4) and their spatial wavcnumber  distribution (Ref.
6,15-19). Spectral broadening measurements of
monochromatic spacecraft radio signals have also led to
the determination of the latitudinal variation of solar
wind speed and mass flux in the acceleration region
during solar n~inimum conditions (Ref. 20), results that
have been confirmed by the 1994 LJlysses  plasma
measurements over the south pole but beyond 2 AU [M.
Ncugcbauer, private communication]. The mass flux
measurements arc also consistent with results deduced
from I,yman-u  observations for the solar winci near I
AU (Ref. 21).

With the discovery of 1}’S in 1964 (Ref. 22), a rncarrs
for measuring solar wind speed using rnultiplc
observing antennas became available. Near the Sun.
IPS measurements showed [hc acceleration of the solar
wind (Ref. 23-26), while beyond 0.5 ALJ, [hey revealed
the latitudinal variation of solar wind speed and the
global distribution of solar wind speed in [erms  of :he
large-scale coronal magnetic field (Ref. 27.28).
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I;igurc I. Comparison of Doppler scintillation transient
rates with CMFi rates of Solwind and SMM coronagraph
n~cmurcments (from Ref. 37)

In addition to characterizing the propert ies  of  densi ty
fluctuations and solar wind speed, radio scintillation and
scattering measurements are useful for studying large
scale fea[urcs manifesting cnhanccmcnts  in density
fluctuations and causing scintillation transients.
Iixamplcs of these include propagating interplanetary
disturbances (Ref. 29-33)  and leading edges of high-
spccd streams beyond 0.3 AU (Ref. 34,35) Doppler
scintillation measurements, which have a wide dynamic
range and high time resolution over extensive
heliocentric distances, have been especially effective for
detecting transients, many of which are interplanetary
shocks (Ref. 3 1,36). The frequency of occurrence of
I)opplcr scintillation transients,  along with
corresponding rates of coronal mass ejections observed
by Solwind and SMM white-light coronagraphs,
covering a solar cycle are shown in Fig. 1 (Ref. 37).
The general agrccmcnt  between the two further
strengthen the notion that scintillation and optical
transients are different manifestations of the same
physical phenomena (Ref. 38).

Time-delay  (ranging) and Faraday rotation are two
additional radio propagation measurements made with
natural and spacecraft radio signals to investigate
electron density and magnetic fields in the inner
helicrsphcre  near the Sun (Ref. 39-42). Analysis of
I:araday rotation fluctuations has provided estimates of
magnetic frcld fluctuations (Ref. 43).

111. D13NS1TY  I;l.UCTIJATIONS

In spite of the success in probing the solar wind with
radio propagation experiments, especially those
observing radio scintillation and scattering phenomena,
progress in characterizing and understanding the global
morphology of the near-Sun solar wind and its
relationship to solar or coronal features has been slow.
Compared with it) siru plasma measurements, the
v{)lun~c of radio observations near the Sun is miniscule,
bccausc during each cxpcrimcnt observations typically
last only a fcw days . Not only do these radio
measurements take place in a short tlmc, but they often
span a wide range of latitudes and certainly a wide range
of heliocentric distances. l~urthcrmorc.  bccausc the

raciiai [icpcndcncc  usually ciominatcs the sparse
nmasurcmcn[s,  radio measurements of the near-Sun solar
wind have yielded rnain]y  information on [he ra(iial
variations of electron density, ciectron  density
fluctuations and solar wind speed.

Radio propagation investigations of the inner solar wind
cntcrcd a new and exciting era with the recent discovery
that, near the Sun and before cvoiution,  solar wind
structure characterized by density fluctuations is
distinctly organized  by the large-scale coronal magnetic
ficlci (Ref. 5,6). The increase in remote sensing abilities
of Doppler scintillation over IF’S n]casurcmcnts  played
an important roie, but two other factors contributed
significantly. First. the scintillation data anaiyzed  were
from the late declining phase of the solar cycle, when
the tiit of the solar magnetic dipole with respect to the
Sun’s rotation axis led to large-scale organization of the
solar wind in such a way that alternating regions of
high- and low-speed soiar wind were observed in the
ecliptic piane. The soiar wind configuration was,
therefore, very similar to that when the connection
between high-speed streams and coronal holes was made
during the Skylab period (Ref. 44). Second, correlation
was facilitated by the fact that the observed variations in
Doppler scintillation and hence density fluctuations were
often dramatic and abrupt.

The solar wind is organized in such a way that near the
ncutrai line (heiiospheric  current sheet), where the
magnetic fklds are predominantly closed and the solar
wind is siow, density, density fluctuations, and
variability in density fluctuations are ail found to be
high (Ref. 5). The high variability (presence of
cnhancernents) in density fluctuations in the streamer
belt is associated with coronal mass ejections as well as
quasi-stationary phenomena such as coronai  streamers
(Ref. 6). That CMIis often take piace in the streamer
belt is consistent with conclusions reached in studies of
white-iight  coronagraph  measurements (Ref.  45,46) I:ar
from the ncutrai line — where the magnetic fields arc
open and the wind is fast — density, density
fluctuations, and variability in density fluctuations arc
all conspicuously low. In terms of quasi-stationary
structure, the organization appears broad, taking place
over a large portion of the solar cycic.

Possible inconsistencies raised cariicr (Ref. 47) between
Doppler scintillation measurements close to the Sun anti
meter wavelength IF% measurements beyond 0.5 AU,
have been dismissed by the Doppler scintillation resui[s
which span a broad hciioeentric distance. range and show
evolution of the solar wind. While [)opplcr
scintillation enhancements near the Sun and inside 0.3
AU are associated with the slow wind, beyond 0.S AU
the solar wind evolves to a state distinguished by
enhancements at the leading edges of high-speed
streams, as observed by meter wavcicngth  lPS
nwasurcmcnts (Ref. 5). That the conspicuously quic[
Doppler scintillation regions coincide with fast wind
regions over coronal holes, provicies  the clcarcs[
evidence yet that these regions arc not likeiy to be the
major sources of IPS dis[urbanccs  observed bcyon(i 0.5



ALJ (Ref. 48). The Doppler scinti l lat ion results  also
show that the putative permanent region of enhanced
dellsltY  fll]ctuations (Ref. 13, 49) attributed to the point

where the solar wind bccomcs  supersonic is more likely
camsed by CIOSC proximity to the neutral line.

IV. I’RACTIONAI. DENSITY  F1.UCTUA?1ONS,
}l};l.10SJ’llliRIC CLJRRI~NT  SHliFX ANI)

CORONAI, STRRAMFXS

Although much is known about the properties of
density-fluctuations near the Sun, a critical characteristic
dlat has not been determined in the past is the Icvcl of
relative or fractional density fluctuations &re/nc  (Ref.
13), which is important for understanding the nature and
role of the dens;ty fluctuations in the expansion of the
solar wind (Ref. 50,5 I ). Knowledge of relative density
fluctuations also has relevance when density fluctuations
inferred from radio scintillation and scattering
measurements arc used as a proxy for density (Ref.
1(),35,52 -5 S).
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I’igure  2. (a) Closest approach points (dots) of radio
path projected onto coronal magnetic field map, (b)
normalized  time dc]ay AT (-normalized n c) and
norma]izcd  time delay scintillation CJAT (-nornlali~ed
311C),  (c) normajizcd  OAT  (-normali?cd  ~ne) and
(&@nc), and (d) radial distance in R. (from Ref. 56).

The first investigation of 8nc/nc has been carried OU[
using 10-n]in  dual-frequency (wavcleng[hs  of 13.1 and
3.6 cm) mcasurcmcnts  of time delay or ranging by
LJlysses  in August 1991 (Ref. 56). Time delay, or
ranging, measures path-integrated electron density or
lotal electron content, but to a good approximation it is
proportional to electron density nc at t}~e closest
approach point of the radio pa[h (Ref. 42).

Shown in I;ig. 2a is the Wilcox Observatory contour
map of coronal magnetic field strength at 2.5 R. during
the 1991 Ulysses radio measurements as adapted from
Solar Geophysical data (Ref. S7). The solid dots
represent the closest approach points of the LJjysscs
radio path on the denoted days of year (DOY),  and hence
indicate the corresponding approximate regions probed.
Selected actual radio path segments near the closest
approach points for a fcw days arc also shown.

Mean values (Az) and standard deviations (cTA~)
. . proportional to density and density fluctuations,

respectively - have been computed over periods
typically 5-10 hours long. To remove the dependence
on heliocentric distance, the measurcrncnts  of time delay
have hecn scaled to 1 AU according to the radial
dcpcndencics of R-l .42 as determined in Ref. 42. l’hc
standard deviations of time delay have also been scaled
according to the radial dependence of R-l 5, as has been
observed in equivalent Doppler scintillation
measurements near the Sun (Ref. 58).

The time histories of normalized AT and OAT i n
nanoseconds are displayed in Fig. 2b. I;or convcnicncc
of comparison with the coronal field maps, the time
axis has been reversed and displayed in such a manner
that  DOY l ines  up approximately with the
corresponding dots in Fig. 2a. C o r r e s p o n d i n g
heliocentric distances are shown in Fig. 2d, indicating
that the Ulysses measurements took place inside 40 Ro.

The density profile in Fig. 2b exhibits peaks near the
neutral Iinc, which are the apparent extensions of
coronal streamers that have also been observed by ill
silu plasma measurements surrounding sector boundaries
at 1 AU (Ref. 59,60) While the profiles of hc for the
frequency band of -5 x 10 - 5-8 x 10 -4 

H7.  in I;ig. 2b
follows the same general pattern as ne, the variations of
8ne are distinctly more abrupt and significantly greater
(Iargcr than an order of magnitude for &lc vs less than a
factor of 2 for ne). This is also dernons[rated  in the plot
of ~ne/nc in Fig. 2C showing variations of 1-20%. As
with density fluctuations in the higher frequency band 3
x 10 -3 - 5 x 10-2 

H7 (periods of 10 scc to 3 rein)
observed by Pioneer Venus (Ref. 5), density fluctuations
in the Iowcr frequency band are highest near the neutral
Iinc where the solar wind is slow, and lowest far from
the neutral line where the solar wind is fast. T h e s e
results rcinforcc  the fact that the density spectrum near
the Sun is not rcprcscnted by a single spcctrurn  (Ref.
16,18) but depends strongly on proximity to the neutral
line (Ref. 6) as observed by it~ si[u n]easurcr]~ents
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beyond 0.3 A(J (Ref. 61) and meter wavelength IRS
measurements (Ref. 19) of fast and slow solar wind.
The similarity bctwccn Ulysses ranging rncasurcmcnts
of Iow-frequency fluctuations and Pioneer Venus
I)opplcr scintillation measurements of high-frequency
fluctuations is also consistent with the broadband nature
of increase in power spectrum of electron density
fluctuations observed by Voyager scintillation
measurements (Ref. 18) during the passage of
‘transients,’ some of which are probably associated with
the hcliosphcric  current sheet (Ref. 6)

};ig. 3 summarizes 6ne/ne for spatial wavcnumbcr K -
1,4 x 10-6 km -1 (5 hr fluctuation at a solar wind speed
of 250 kn~/s) obtained for both slow and fast wind near
O. I AU from the I.Jlysses  radio measurements and at
0.4-0.9 A(J from in siru  Helios plasma measurements.
In the slow wind, i3ne/ne is essentially independent of
heliocentric distance, while in the case of the fast wind,
it is a factor of about 30 lower than that of the slow
wind inside 0.1 ALJ, and exhibits dramatic growth with
heliocentric distance inside 0.3 AU. This latter result
provides additional evidence for significant evolution of
the solar wind inside 0.3 ALJ as first revealed by the
Pioneer Venus Doppler scintillation measurements (Ref.
S), and supports  current views of the evolution of MH1>
turbtrlcncc  with solar wind expansion and the
association of Al fvdn waves with high speed streams
hascd on fields and particles measurements made beyond
0.3 AU (Ref. 51,6 1,62) The remarkably low density
fluctuations associated with the fast wind also
strengthens the argument for the prcscncc of magnetic
field fluctuations and Alfvdn waves in high speed
streams deduced from Faraday rotation fluctuations
observed near the Sun (Ref. 43).

I;ig. 2C shows that normalized AT, and hence normalized
n c, approximatc]y tracks variations in 8ne/nc. This is
apparently a consequence of the fact that nc varies more
slowJJy  than i3nc, and implies that it is possible to

oh[ain information on variations in fractional dcnsily
fluctuations even when only rneasurcments  of density
fluctuations arc available, such as in the case of Doppler
scintillation (Ref. 5),

I’hat  regions of enhanced density fluctuations near or
ahovc the neutral line coincide with rc,gions  of enhanced
ciensity confirms earlier conclusions that they arc the
interplanetary manifestation of the heliosphcric current
shec[ and extensions of cc)ronai streamers (Ref. 6).
While the regions of cnhanccd density fluctuations lic
within those of enhanced density, they have boundaries
that arc distinctly more abrupt, suggesting [hc
separation of solar wind of different solar origin and
wind speed. Further study based on higher time
resolution Doppler scintillation data in the frequency
band of 3 x 10-3-5 x 10-2 

H7 (periods of 10 sec to 3
rein) (Ref. 63) shows that the width of the enhanced
region is about 1-2”, indicating a probable
correspondence to the extensions of coronal streamers
observed in high-resolution coronal white-light pictures
such as that presented in Ref. 64. Furthermore,
comparison of measurements obtained from successive
solar rotations but with increasing heliocentric distance,
reveals that near the Sun and within 0.3 AU, the
structure inside the enhanced region is spatially
coherent. These observations, therefore, provide the
first evidence of the filamentary nature of the extensions
of coronal streamers. These results also show for the
first time that in situ measurements beyond 0.3 ALJ of
compressive fluctuations in the slow wind of time scale
about a couple of hours and faster (Ref. 61 ,62,65) are of
coronal origin and are quasi-stationary. They bear the
imprint of their solar source before being deformed by
dynamic interaction during passage from the Sun.

Motivated by the Doppler scintillation results of the
near-Sun solar wind, density fluctuations based on lSIII~
3 plasma measurements in the range 10 reins to 1 hr
have been investigated in the following solar wind flows
at 1 AU: coronal hole, interstrcam,  plasma sheet,
coronal mass ejection, and interaction region (Ref. 60).
While Icss extreme because of evolution wi(h
heliocentric distance, the lSWi 3 results confirm [he
interpretation of large-scale variations in density
fluctuat ions observed by radio scint i l la t ion
measurements inside 0.2 ALJ. The highest Ievcls of
absolute density fluctuations crN and fractional density
fluctuations oN/<N>  from the ISIX~ 3 study arc found
ahead of and in the plasma from coronal mass ejections,
with the maximum values occurring between [hc
associated interplanetary shocks and [hc driver gas. I;or
the quasi-stationary solar wind, absolute and fractional
density fluctuations and their variability arc highest in
the plasma shce[ in which the heliospheric  current sheet
is embedded, and lowest in the high-speed coronal hole
tlow.

The results of a superposed epoch analysis of I $! IIC’S
crossing events is presented in I;ig. 4 for the in[ervnl +3
days either side of the boundary epoch, V is solar wind
speed and B magnetic field. Similar superposed epoch
studies of N, V, and temperature T, have been prcscn[cd
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I;igurc 4. Superposed epoch study of lSFiF-3  crbscrva-
tions *3 days ci[hc.r side of the HCS (from Ref. 60).

(Ref. 66) but the results of ON have not. Near the Sun,
the HCS is located in the dense, low-speed wind
associated with the coronal streamer belt, which is
surrounded by higher speed flows (Ref. 67). As the
solar wind structure evolves with increasing distance,
the compression ridge on the leading edge of the
following high-speed stream gradually overtakes the
HCS, causing [hc high fields seen just after the zero
epoch. The velocity and field profiles show that, on the
average for these i 8 events, the leading edge of the
following high speed stream has just passed over the
}lCS at the time it was okxxvcd.  The density profile is
narrower and Icss asymmetric than the field profile
because of the intrinsic high density of the heliospheric
plasma sheet. At 1 AU, there is a broad spike in crN at
~.ero epoch, but it probably has contributions from both
leading-edge compression and intrinsic variability of
solar origin. The results in Fig. 4 have been con~pared
and show good agrccrnent with Doppler scintillation
measurements near 1 ALJ (Ref. 63), providing further
support for the filamentary nature of the extensions of
coronal streamers.

The lSfiIl 3 study shows that coronal hole flow has the
lowest levels of density and Iowcst levels of absolute
and fractional density fluctuations. Further insight into
mcasutcn~cnts  that sense density fluctuations are
provided in I;ig, 5 showing the comparison of
enhancements in Icvels  of density, and absolute and
fractional density fluctuations over those of coronal hole
flow for other types of solar wind. These results
confrrm what has been generally observed by comparing
I)opplcr scintillation and in-situ plasma rncasurermcnts
of interplanetary shocks (Ref. 36), and time-delay and
time-delay scintillation measurements of hcliospheric
current sheets shown in I;ig. 2 – that the contrast in ON
between various solar wind flows is not only high, but
considerably higher than that of density. Closer to the
Sun and before evolution wilh solar wind expansion.
contrasts arc ciren greater leading to prominent
signatures for both coronal mass ejections and
hciiospheric  cur~cnt shcc[s,  These rcsrrlts clcady
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Figure 5. Ratios of mean density, density fluctuations,
and fractional density fluctuations for various types of
solar wind flow to the values in coronal hole flow (fl-om
Ref. 60).

dcruonstratc  [he advantages of using measurements that
sense density fluctuations rather than density as tracers
of solar wind flows with differing c)rigins on the Sun
and as detectors of propagating interplanetary
disturbances.

V CORONAI. MASS J3JfCTIONS  ANI)
INTIIRPI.AN13TARY  SHOCKS

Although Fig. I shows that scintillation transients are
closely associated with white-light measurements of
coronal mass ejections, scintillation rncasurcrnents  arc
more sensitive 10 C.MF,S because the.y sense density
fluctuations rather than density. The extent of this
incrcascd  sensitivity is demonstrated in Fig. 6 showing
the factors of enhancement of Doppler scintillation
transients. While factors of enhancement are typically
3-s in the case of white-light CMI)S (which as radio
n~casurcments  are path-integrated measurcrncnts  of
electron density), they arc strikingly greater in Doppler
scintillation mcasurcmcnts,  in some cases excccding  50.
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I:igurc 6. Distribution of factor of enhanccmcn[  [1:1) of
IJopplcr  sc in t i l l a t ion  transicn[s  over hclioccn[ric
distance (from Ref. 37).



24 OCT. 1979  N

‘-Q:@

-w

1258 UI

‘-e-dlllB

- w

0536-0316 0804-0316
A :

Figure 7. Solwinci  coronal images on 24 Oc{ober 1979
See text for explanation (from Ref. 38).

I’here have been few opportunities for simultaneous
measurements of CMIis, mainly because of the paucity
of scintillation measurements near the Sun, but one
instance did occur with Hclios 2 spectral broadening and
Solwind white-light coronagraph  measurements [Woo C4
a!., 1982]. The coronal images of the October 24, 1979
CMkl are shown in Fig. 7. The upper images were
taken at 0316 and 1258 UT while the lower ones are
difference images formed by subtracting the images at
0S36 and 0804 UT from that at 0316 LJT to show the
changes that had taken place in the coronal intensity.
The west limb brightening is always present during
0316-0804 UT’. The Helios 2 raypath, which is in the
ecliptic plane off the west limb of the Sun, moves
towards the Sun at the rate of 25 knl/s. “X” in the
0536-0316 UT difference image marks the location of
the. Helios  2 raypath at 0S36 LJT. Comparison with the
time series of spectral broadening bandwidth shows that
the del;iy in CM13 arrival is at least one hour. Thus, the
compressive density fluctuations associated with this
CMI{, and possibly representing the front of a shock, do
not coincide with the white-light front, but precede it.
This result is consistent with phase measurements of
another shock on August 18, 1979 showing that mean
clcnsity  peaks well hchind the shock front sensed by
densi[y  fluctuations (Ref. 30), and poignantly
demonstrates the benefits of conducting measurements
that sense density fluctuations at the same time as
white-light measurements. Joint measurements would
also shed light on the outstanding question about
forerunners (Ref. 68).

With the high level of density fluctuations following
interplanetary shocks and the wide dynamic range of
Doppler scintillation, i[ is now clear why Doppler
scintillation measurements have served so well in
accurately dc~ermining interplanetary shock crossings
near the Sun. This unique ability has been used in
conjunction with sirtttrltancous white-light observations

of CM1{S and i~~ sifu plasma nwasurcments  hcyond 0.3
ALJ to obtain definitive measurements of interplanetary
shock propagation and evolution inside 0.3 AU (Ref.
3 I). Shown in Fig. 8 are shock velocity profiles based
on Solwind white-light coronagraph,  Helios 1 plasma,
and radio scintillation measurements by Voyager 1 W I ),
Pioneer Venus (PV) and Pioneer 1 I (1’1 1 ) for nine
shocks. These results, which are further supported by
multi-spacecraft scintillation measurements (Ref. 69),
show that substantial deceleration of fast shocks (speeds
exceeding about 1000 krtds)  takes place near the Sun.
and that the amount of dccelcra[ion  increases with shock
speed. Alternately, the range of shock velocities inside
0.3 AU is significantly greater than those near Harth
orbit. If the shocks are being driven to the point where
deceleration begins, then the results in Fig. 8 imply that
the slower shocks are being driven farther out than the
fast shocks. On the basis of conventional MH1> in the
solar wind, the velocity profiles suggest that the fast
shocks behave ntorc like blast waves, whiic the slow
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ones mm like pi.strsn-drivcrr  waves (Ref. 70-72), I’bcse
resulis suggcs[  that the fast and rapidly decelerating
shocks arc associated with regions of very energetic and
active solar !larc. s, while the shocks with rclati~’ely low
speeds, which may decclcratc  or move uniformly
[hrough  [Ilc interplanetary medium, arc associated with
events characlcri~ed  by the eruption and ejection of cool
filamentary malcriat  from coronal quicsccrrt  regions
(Ref. 73).

V]. OPPORTUNITll{S  FOR FUTLJRF.
SPACIKRAI’T  RADIO SCINTII.I,ATION

OBSI;RVATIONS

The ncw dcvclopmertts described above underscore the
urgency for  s imultaneous radio scint i l la t ion
measurements that would complement both SOHO
white-light corona graph and Yohkoh soft X-ray
mcasurcmcnts,  and significantly benefit the study of
fine-scale structure and coronal mass ejections near the
Sun. S-hand (13 cm wavelength) radio scintillation
nlcasurements  have been made since 1992 by Clalileo
and will continue during future superior conjunctions
(Ref. 74,75) Cassini, which will bc launched in 1997,
will be invaluable because its radio system will have
coherent radio signals in three bands: S- X- and Ka-
hands (13, 3.6 and I cm wavelengths).

An unprcccdcrrted  opportunity will arise with the ICIi
spacecraft during, the SOHO era, as illustrated in ICE’S
fixed Sun-earth Iinc plot shown in Fig. 9. The region
probed corresponds to the closest approach point.
Unlike scintillation measurements in the past, the
unusual ICI; trajectory will allow ICE,  to probe the solar
wind at near constant hcliocerrtric distance inside 0.3 AU
for prolonged periods during 1996-1998. ~xtensivc
high time resolution Doppler scintillation
measurements at the same time as SOHO white-light
coronagraph  obscrva[ions,  which will observe the
‘corona’ out [o 30 Ro, will therefore be possible.

V]].  SUMMARY AND CONCI>USIONS

Radio propagat ion experiments  of the solar wind,
act i VC1 y pursued over the last forty years, have provided
essentially all of the measurements of solar wind
properties inside 0.3 ALJ. Because of the sparsity  of
mcasurcmerrts  and the dominance of radial variation,
they have often been limited to determining the
hc.iioccntric (but sometimes also latitudinal and/or solar
cycle) dcpcndcnce of density, density fiuc[uations  and
solar wimi speed, with iittie progress in understanding
the consequences of soiar  phenomena. Doppier
scintiila~ion  and spcctrai broadening measurements,
conducled with coherent spacecraft radio sources and
possessing wide dynamic range and higil time
resolution, have made a signillcant difference. A globai
picture of the near-Sun solar wind conscqucnccs  of soiar
phenomena is emerging from these measurements, onc
that reiates and unifies results from ccntirne[cr ranging
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in the eciiptic pianc during i983-20i4.  I,ines indicate
raypaths on January i of 1996, 1997 and i998.

measurements in the vicinity of the Sun, meter
wavelength IPS rneasurcments  beyond 0.5 AU, white-
iight coronagraph measurements, and i~~ sifu plasma
measurements beyond 0.3 AU.

In the vicinity of the Sun, levels of compressive
fluctuations produced and associated with CMFk arc
strikingly high but erode with heliocentric distance.
Substantial deceleration of fast shocks (speeds cxcecding
-iOOO km/s) takes place inside 0.3 ALJ,  with the
amount of deceleration decreasing with decreasing shock
speed. There appears to be a tendency for fast shocks to
bc associated with soiar flares, and siow shocks with
eruptive prominences. The quasi-stationary structure
overlying the neutrai iinc near the Sun bears the imprint
of its soiar source, as it exhibits fiiarncntary and fine
structure before being deformed by dynamic interaction
farther from the Sun. Far from the neutral line, and near
the source region of the fast wind, where AifvLrr waves
are thought to dominate, density fluctuations are
conspicuously iow and steady, but grow dramatically
with heliocentric distance.

Comparison of density and density fluctuations, baseci
on ranging measurements near the Sun and itr situ
plasma measurements at i AU, has clcariy demonstrated
the distinct advantages of density fluctuations (observed
by scintillation measurements) over density (observed by
ranging and white-light mcasurerncn[s)  as tracers of soiar
wind flows from differing solar origins and as detectors
of CMIIS.  The high sensitivity to quasi-stationary
struc[urc  and dynamic phenomena make simtritancous
scintillation mcasurcrnents  indispensable when probing
[hc soiar wind with other radio measuretnents such a~
Faraday rotation (Ref. 76).

J’inaliy,  taking fuii advantage of the ncw dcvcloi~men[~
summarized in this paper by condrrc[ing simultarrcolls
radio scin[iliation  measurements with [hc S0}10
corona graph during upcoming opportunities with

.
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Galileo, C’assini  and ICIi is of paramount importance, af
they will incvitrrbly yield further details about the
intcrplanc[ary  manifestation of solar events and structure
near (he source region of the solar wind.
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